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By C.R. Morseand

SUMMARY

TURBOJETENGINE

R. H.Kemp

A systemofcoolingtherimofa turbinewheelby meansof
1 compressor-dischargeairwasdesigneds.ndevaluatedina J33-A-33tur-
>) bojetengine.Thecoolingairwasdirectedat thewheelrimbymeans

oftwoannularorifices,oneoneachsideofthewheel.At a minhum
coolingairflowof0.25percentoftheengineairflow,thewheelrim
temperatureswere885°,940°,and925°F at thefront,center,andrear
thermocouplelocations,respectively.At a maximumcoolingairflowof
1.4percentoftheengineairfluw,thecorrespondingtemperatureswere

● 670°,840°,and795°F. Calculationsbasedontheshearstress-rupture
strengthofthewheelserrationsindicatedthatcertainferriticalloys
couldbe usedforthewheelundermilitaryratedoperatingconditions

. by coolingwithapproximately0.8percentoftheengineairflowbymeans
of compressor-dischargeair.

INTRODUCTION

Coolingoftherimofconventionalturbojetturbinewheelshas
severaladvantages.Thereducedwheeltemperaturespermitsubstitution
of other materialsforat leastpartofthestrategicelementsused.
Also,materialssuchas cermets havinghighthermalconductivities
relativetoconventionalbladealloyscanbe usedfortheturbineblades
withoutresultingin overheatingofthewheelrim. Finally,higher
turbine-inletgastemperaturescanbe employedwithoutincreasingthe
wheeltemperatures.

An investigationwasthereforeundertakenat theNACALewislabor-
atorywiththeobjectivesofdesigningandevaluatinga wheelrimcooling
systemutilizingcompressor-dischargeairas thecoolingmedium.A J33-
A-33turbojetenginewasused;theresults,huwever,canbe appliedto
mostturbojetengines.Thequantitiesofcoolingairappliedtothe
variousportionsoftheturbinewheelrimwerevariedovera widerangeL andtheeffectontheturbinewheeltemperatureswasdeterminedby means
of12 thermocouplesatvariouslocationsonthewheel.
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Thedesignandoperatingcharacteristics
rimcoolingsystemusingcompressor-dischsrge
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erepresentedfor8 wheel *—
air,andthequantityof

coolingairrequiredtopermitcertainwheelmaterialsubstitutionsis
indicated. b

APPARATUSANDPROCEDURE

A J33-A-33turbojetenginewasmodifiedandinstrumentedtodeter- $
minetheamountofturbinewheelrimcoolingthatcouldbe obtainedwith
moderateemountsofcoolingairprovidedbymeansofcompressor-dischargeG
bleedoff.Figure1 showsthemannerinwhichairwasdrawnfromthe
compressordiffusersectionthroughsmsllflexiblehosestoa collector
tank. Identicalorificerunswithindividualremotelycontrolledvalves
wereemployedtodistributethecoolingairfromthistankto thefront
andrearfacesoftheturbinewheelthroughmanifolds.Thecoolingair
wasdirectedagainstthewheels rfacefromannularorificesformedby

Ysheetmetalbafflesata pointlZ inchesradiallyinwardfromtherim.
Thespacingofthelipsoftheannularorificeswasapproximately0.040
inch;thediameteroftheannuluswas15 inches.

A thirdorificeanda remotelycontrolledvalveassemblywerepro-
videdinordertocontrolandmeasuretheamountoffront-facecooling
airwhichwasbledoffat theannularorificeformedby theouteredge
ofthespecialbaffleassemblyandtheinnerringofthenozzledia-
phragm.Airpassingthroughthisorificeassemblywasdischargedinto
thetestcell.

Thetemperatureandthestaticpressureofthecoolingairwere
measured,respectively,by thermocouplesandpressure-probetubes
locatedat severalpointsinthecooling-airpassages,as shownin
figure2.

Turbinewheelmetaltemperaturesweremeasuredby 12thermocouples
installedinthebottomsofholesdrilledfromtherearfaceofthewheel
at locationsshowninfigure3. Fiveholesweredrilledtopoints1/8
inchfromthefrontfaceofthewheelatwheelradiiof6.00,7.50,8.02,
8.43,and8.85inches;threeholesweredrilledtomidwheelthicknessat
wheelradiiof8.02,8.42,and8.85inches;andfourholesweredrilled
1/8inchdeepatwheelradiiof6.00,7.50,8.02,and8.43inchesonthe
rearface.

A thermocouplewasinstalledfirmlyagainstthebottomofeachof
theseholes,andtheleadwireswereledradiallytothewheelhuband .
thencecarriedthroughdrilledpassagesintheturbineshaftandcom-
pressorshafttoa slip-ringassemblymountedon theaccessorycaseof
theengine.Theleadwireson therearfaceoftheturbinewheelwere

s

runtti-oughsmall.stainlesssteelconduitswhichwerefastenedto the

.
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wheelby stainlesssteelstrapsspot-weldedalongbothedges..Tempera-
turereadingswereindicatedona recordingpotentimneter.c

Engineairflowwasmeasuredby an orificerunwhichadmittedair-
* to thesealedtestcell.Thrustmeasurementwasbymeansofan air

pressure-balanceddiaphragm.Fuelflowwasmeasuredby a rotameter-type
flowmeter.En@e speedwasmeasuredly-achronometrictachometer.
Theenginewasequippedwithan adjustablejetnozzleby meansofwhich
tail-pipegastemperaturewasregulated.

Thetail-pipegastemperaturewasmeasuredby averagingtheread-
ingsof14 thermocouplesequallyspacedaroundthetailpipeat station
2 infigure1.

Alldata.weretakenwiththeengineoperattigata.nindicatedrotor
speedof11,750rpmandan indicatedtail-pipegastemperatureaverage
of1275°F asmeasureda.tstation2 infigure1.

Thecoolingairflowwasvariedwithinthelimitsoftheconfi~ra-
tionused.theminimumcooling-air-flowconditionsbeingdeterminedby
thelimitofsafeturbinebearingtemperature,andthemaximumairflow
beinglimitedby thepressuredropinthesystemwiththeregulating
valvesinmaximumopenposition.At eachpointtheturbinewheeltem-
peratureswereallowedtoreachequilibrium.

RESULTSANDDISCUSSION

EffectofCoolingAironWheelTemperatures

An enginewasmodifiedas showninfigure1. A seriesofrunswas
madewithvariousratesofcoolingairflowintherangefrom0.25per-
centto 1.4percentofengineairflowwithonehalfoflthetotalflow
directedoneachfaceoftheturbinewheelata point12 inchesfromthe
rim. Theresultsofthisseriesofrunsareshowninfigure4.

Wheelrimtemperatureswerenotmateriallyreduceduntilan equally
dividedcoolingairflowofapproximately
centofengineairfluw)wasreached.At
temperaturewas875°F, thecenterofthe
facerimwas860°F.

An increaseofcoolingairflowto 1

0.5~oundpersecond(0.6per-
thispointtherear-facerim
rimwas92!$F, andthefront-

percentoftheengineairflow
resultedina substantialreductionintemperatureofallpartsofthe
wheelwithtemperaturesneartherimof735°,870°,and790°F atthe
front,center,andrear,respectively.Thewheeltemperatureprofile
measuredinthisrunisshowninfigure5.

-2.
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Increasingthecoolingairflowto1.06-poundspersecond(1.25per-
centofengineairflow)resultedintemperaturesof685°,835°,and
740°F at thefront,center,andrearoftheturbinewheelrim,

:

respectively.
.

Runsweremadeat coolingairflowsof1 percentsmd1.3percent
ofengineairflow,bothwithandwithoutbleedofpartoftheti”ontti

facecoolingair. Atbothflowrates,thewheeltemperatureswere
higherwhenthebleedlinewasdrawingoffthecoolingairatthewheel

—

rim. Thisindicatesthedesirabilityofallowingthefront-facecooling ““~
airto spillbackoverthewheelrimbetweenthebasesoftheturbine m
blades.-

A curveofcoolingairtemperatureagainsttotalcoolingairflow
is showninfigure6. Itcanbe seenthatpartoftheeffectivenessof
increasedcoolingairflowisoffsetby a correspondingincreaseinair
temperatureresulting~om thereducedexpansionoftheairthrough
regulatingvalvesandthelowerheatlossesperpoundaccompanyingt~e
higherairvelocityinthepiping. -..

Uponcom~letionofthementionedrunswithequalcoolingairon
eachfaceofthewheel,tworunsweremadewithvarieddistributionof
thecoolingair. ~ oneoftheseruns,0.3percentofengineairflow
wasadmittedtothefrontwheelfaceand0.9percenttotherearface.
Intheotherrun0.8percentofengineairflowwasusedto coolthe

r

frontfaceand0.3.percentto cooltheresrface.
.

Intherunwiththegreaterpartofthecooling&irdirected
against.therem faceoftheturbinewheeltherearrimtemperaturewas
heldto 855°F andthefrontrimranslightlycooler,but-thewheel
materialinthecenteroftherimbetweenbladebasesreachedan operat-
ingtemperatureof920°F. With0.8percentoftheengineairflowon
thefrontfaceofthewheeland0.3percentontherearface,thesame
855°F rearrimtemperaturewasmaintainedwhilethefrontrimmetal
ranata temperatureof700°F andthecenteroftherimwasoperating
at 835°F. Themaximumwheelmaterialtemperaturewas65°F lowerwith
themajorpartofthecoolingairdirectedtothefrontrimofthewheel.
Resultsoftheserunsareshowninfigure7.

Intherangeof coolingairflow\lsedinthisinvestigationno
noticeabletrendintheengineperformanceasinfluencedby thecom-
pressorbleedwasdetectedwithintheaccuracyoftheinstrumentation.

At theconclusionofthecoolingtestsdescribedpreviously,the
turbinewheelwasremovedandinstalledina standardJ33-A-33engine
inorderto determinetheomeratin~temperatureatratedspeedandgas

.

temperature.Theengine
pipegastemperature.A

wa=opera~eda~fi,750rpmand12~5°F taii-
runwasmadeofl:hourdurationatrate~speed b-
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andgastemperature.Thewheelrimtemperaturesmeasuredinthisrun”
were830°,935°,and970°F at front,middle,andrearpositions,
respectively.Figure8(a)showsthewheeltemperatureprofilesobtained
inthisrun.

Rreviousdatafora J33-9engine(ref.1) showmaximumturbine
wheelrimtemperaturesof1140°and1190°F forfrontandrearwheel
faces,respectively,measured8.66inchesfromthecenterofthewheel.
Thedurationoftherunsfromwhichthesedatawereobtainedwasa maxi-
mumof30minutesatratedconditions,andwheeltemperatureshadnot
reachedequilibriumby theendoftherun. Figure8(b)wasprepared
franthedatapresentedinreference1 andshowstheturbinewheeltem-
peratureprofileafter30minutesatratedspeedandtemperature.

Figure8(c)showsa comparisonplotofthewheeltemperatures
obtainedintherim-cooledJ33-A-33engineutilizing1 percentofengine
airflowforwheelcoolingcomparedwiththewheeltemperaturemeasured
inthestandardJ33-A-33engineandJ33-9engine(ref.1) configurations.

EffectofReducedWheelTemperaturesonMaterialRequirements

To determinetheeffectofreducedwheeltemperaturesonmaterial
● requirements,a plotwasmade(fig.9)ofmaximumwheeltemperature

(centerofrim)againstcoolingairflow.Withinthetemperaturerange
thusdetermined,allowableshearstresscurvesforthewheelserrations

. weredeterminedforseveraluterialsbasedon1000-hourstress-rupture
data;1000-hourshearstress-rupturestrengthwastakenas 0.6of1000-
hourtensilestress-rupturestrength.Thematerialschosenforthis
studywere: 17-22-A(S),Crucible422,SAE4340,andThnken16-25-6(the
materialusedinthestandardJ33-A-33wheel).Franthecurvesthus
obtained,minimumrimwidthswerecalculatedforeachofthesematerials
overtherangeoftemperaturesoffigure9. Theresultsofthese
calculationsareplottedinfigure10.

To obtaintherequiredrimwidthforeachmaterial,thefollowing
assumptionsweregade: (a)thetotalloadonthewheelserraticmsin
shearis29~800poundsforeachbladeposition(b)theshe= areaperroot
is1.830squareinches,and(c)thelengthofrootorrimwidthofthe
standardwheelis1.960inches.Thustheshearareaperinchofrim
widthis0.934squareinchesperbladeroot.

Theallowableshearloadperinchofrimwidthforthelisted
alloyswasobtainedby multiplyingpublished shearstrengthvaluesby
0.934.Dividingthetotalloadontherootserrationsinshear
(29,800lb)by theallowableshearloadperinchofrimwidththen
gavea minimumallowablerimwidthforthematerialat a given
operatingtemperature.Thetemperaturesconsideredwerewithin
therangefoundtohe practicableas showninfigure9.
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Figure10 isa plotofminimumwheel-rim
shear&tress-rupturestrengthagainstcooling
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widthbasedon1000-hour
airflowinpercentof

engineairflowas correlatedwithmaximumwheel-rimtemperature.It
willbe seenthatTimken16-25-6,whichisthematerialInthestand-
ardwheel,hasthelowestminimumrimwidthoftherepresentedmaterials
intherangebelow0.38percentcoolingair. Thiscorrespondstothe

4.

temperaturerangeabove950°F as shownonfigure9.

Increasingcoolingairflowto above0.38percentoftheengine
airflowbringstherequiredrimwidthforTimken17-22A(S)withina 1+~
usablerange.At coolingairflowsabove0.73percent,both17-22A(S) m
andCrucible422areusableasthemaximumwheelrimtemperaturedrops
below900°F.

T!husit is shownthattheapplicationof
ingairtotherimoftheturbinewheelwould
stituteless-strategicalloysforthepresent

SUMMARYOFRESULTS

smallquantities
meke it possible
wheelmaterial.

of cool-
to sub-

Thefollowingresultswereobtainedinan investigationofrim
coolingofa turbinewheelby meansofcompressor-dischargeair:

1.At a minimumcoolingairflowof0.25percentoftheengi~eair
flow,theturbinewheelrimtemperatureswere885°,940°,and925 F
at front,center,andrearthermocouples,respectivelyata maximum
coolingairflowof1.4percentofengineairflow,temperaturesat
thesamethermocouplestationswere670°,840b,and795°F, respectively.

2.Themosteffectivecoolingwasobtainedfromcoolingairdi-
rectedagainsttheforwardfaceoftheturbinewheel.

3.Wheelrimtemperatureswerefurtherreducedwhenthecooling
airwasallowedtoflowrearwardovertherimbetweentheturbineblade
basesratherthanbeingdrawnoffattheperipheryfordischarge.

4.CalculationsofminimumturbinewheelrimwidthsfortheJ33-A-
33 engine,basedontheshearstress-rupturestrengthsof thewheel
serratzons,indicatedthatferriticalloyssuchas 17-22-A(S)and
Crucible422couldbe substitutedforthecurrentlyusedaustenitic

—
“
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materialby coolingthewheelwith0.8percentoftheengineairflow
by meansofcompressor-dischargeair.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,December29,1953
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Figure3. - Instrumentationofrearfaoeofturbinewheel.



“ ,

CC-2back
1 .

3101
. ,

.
al

moo o

h

9cil o

600 \ \

\ \

A -Run t

\
\ \

1

700 \ \
\

\
Thmmmuple
location

A
\

I i

\

m
/ >

/
/ -

i \
/ \ -

, < COoung air temperature
m ,

\ - A \

/

m 1
.2 .4 .6 .0 1.0 1.2

mwd. cwllns mir flaw to Mm (e@ ~vided J
percentof engineair flow

(a)Frontface.

Imm-e 4- - variationof turbtiewheeltempemtureswith ceding air flow.



..-

lm .

— \ o
c \

o
900 n

c>

A
\

am \ <

>
\

7Ca u

m -

/ “
/ -

k
/ ~ cooling air teqperature

/

m >---
/“

4X.
.2 .4 .6 .8

!J!WklCcolingam fmwto * (equallyIii;
mrcent of engineair flow

d

r1

AL

!ChermOcOuple

location
\

< . (

- Ron t
\

-11-

/

I \
> ,

.— /

/

/
\

/
I

0 1.2 I

(b)Centml plane.Im4. -cbktlmcd.Veriatlonof tuzbinewheel teqera~s with cmllng air flow.

,WQ- :, ;,



, 3101 ,

(c)Rearface. I I
Figure4. - COncluued. Variationof turbinewheel ternpsmatumewith cmling air flow. G



14 NACARME53L22b

900*

8U0

o Frontface

Rearface

700

/

200,*=- )

t/
500

6 7 8 9
Turbinewheelradius,in.

Figure5. - Turbinewheeltemperatures.Coolingairflow,1 percent
of engineairflow.

503

400 — -

/
/ y —

300,’

200’
.2 .4 .6 .8 1.0 1.2

Totalcoolingairflowtorim(equallydivided),
percentofengineairflow

Figure6.- Variationofcoolingairtemperaturewithcoolingairflow.

.

.:.

.

.

.-,
i.-..

—

.—
--

. ——

●“”—



● ●

9(XI

E02

703

890

5Ct

Turbine wheel radius, In.

Fi@re 7. - !?urblnewheel temperatures during rwnE with

,

$‘
i

#
[

Center

8 9

3101 “ ‘

Coolingair flow,
percentof engineair flow

O 0.3 to front facej 0.9 to rear face
El 0.8 to frontfacej0.3 to rear face

L

>

r

Rear face

7 8 9

unbalancedcoolingair flow.



16 NACARM E53L22b

.

1000

900

/

800c

700

{

600

<

500
6 7

Thermocouple
location

1 0 Rearface
❑ Center
~ Frontface

Turbinewheelradius,in.

(a)StandardJ33-A-33engine.

Figure8.- Turbinewheeltemperatureprofiles.

.

.

Y!ii



.

I-4s
bn

%&
NACARM E53L22h Com 17

--.?

1200

11CK3

KKK)

m

400

Therinocouple
loce.tion

o Rearface
R Centir
0 Frontface

L ! 1 I I 1 , , J

/
/

T !

/ ,

/cf
/ // / - / *~ -

c)--

$~

/ 4

/

/

/R
//

[3-/

)~

2 3 4 5 6 7 8 9
Turbinewheelradius,In.

(b)J33-9engine.

Figure8. - Continued.Turbinewheeltemperatureprofiles.

Ai%EWmg,.4

-, .



18

.,..

I’7ACARME53L22b

1200
/

/

1100-

/
.K

,,/

1000-
/

8
. 900

g /‘
$ A

0 /

3 / “
$ 803[j
r&l
al
8
2v+Q
2

700

0 J-33-9
❑ J-33A-33(standard)
A 3253-A-33(rim-cooled,

1 percentof engine
A airflow)

500 — Frontface
---- Center
—— Rearface

400
6 7 8 9

Turbinewheelradius,in.

(c)StandardJ33-A-33,rim-cooledX53-A-33,andJ33-9engines.

Figure8.-Concluded.Turbinewheeltemperatureprofiles.

.

.



,

----
1(.KW

1000

950

900

850

800.

\

.J. .3 .5 .7 .9 1.1
Coolingair flow,percentof engineair flow

1.3 1.5

Figure 9. - Variation of maximum turbine wheel temperature with ccoling air flow.



2.4

2.0

1.6

1.2

.8

.4

0 Thnken17-22-A(H)

A ❑ Timken 16-25-6

OSAE 4340

\
cI

c

.2 ..4 .6 .8 1.0 1.2 1.4 1.6

ccl
o

COolimg air flow, percentof mglne air flow
1 I I I 1 t

low 950 900 850 825 810
lkdimm turbine wheel temperatures,OF

Figure 10.- Variationof minimum turbine wheel fim widths vith coollng air flow, based on mxi-
mum wheel temperatureat center of rim.

N

I
II


